Objective: To predict the occurrence of fetal growth restriction (FGR) by analyzing messenger RNA (mRNA) expression levels of vascular endothelial growth factor receptor 1 (fms-like tyrosine kinase 1 [Flt-1]) in maternal blood. Study Design: Eleven women with FGR were matched with 88 controls. Plasma samples were obtained during each trimester. The Flt-1 mRNA expression levels were compared between groups. Predicted probabilities were calculated, and sensitivity-specificity (receiver-operating characteristic [ROC]) curves were assessed based on regression models for each trimester measurement and possible combinations of measurements. Results: The mRNA levels of the FGR group during all trimesters were significantly higher than those of the control group. The ROC curve of combined first and second trimester data yielded a detection rate of 60% at a 10% false-positive rate, with an area under curve of 0.79. Conclusion: The Flt-1 mRNA expression in maternal blood can be used as a marker to predict the development of FGR, long before a clinical diagnosis is made.
Introduction
There are many causes for fetal growth restriction (FGR), one is related to placental function. 1, 2 During the period of placental formation, vigorous angiogenesis occurs with an increasing amount of blood flow. However, if angiogenesis is insufficient, it causes placental dysfunction, leading to hypoxia and oxidative stress, affecting placenta angiogenesis and subsequently, fetal growth. Vascular endothelial growth factor (VEGF) promotes placental vascularization, which is inadequate in cases with preeclampsia and FGR. One receptor for VEGF, known as fms-like tyrosine kinase 1 (Flt-1), is an angiogenic factor that acts by competing for VEGF, inhibiting the function of VEGF, 3, 4 resulting in a restriction of placental growth. Therefore, if we detect vigorous angiogenesis occurrence in the first trimester, it is possible to predict FGR.
The protein level of Flt-1 can be measured in maternal plasma. Results, in previous studies, have been inconsistent and sometimes contradictory in cases that developed FGR. [5] [6] [7] [8] [9] [10] [11] [12] [13] Detection of circulating fetal/placental RNAs in maternal plasma has enabled development of several promising approaches for noninvasive evaluation of placental function. 14, 15 We previously reported that there was aberrant expression of some circulating placental-specific messenger RNAs (mRNAs; including Flt-1) in the maternal blood found in cases of preeclampsia compared with control participants. This seems to be a promising tool for the early detection of the disease. [16] [17] [18] In the previous studies, we were able to detect patients who would develop preeclampsia by examining the mRNA level earlier than by examining the protein level. [16] [17] [18] Although it is not clear evidence that mRNAs offer advantages over protein markers, a molecular analysis has the advantage of being able to evaluate a large number of markers at the same time and to provide useful information about disease pathophysiology. The alterations in expression of these molecules have led to the proposal that they may be used as early predictive markers of preeclampsia and/or FGR before onset of clinical symptoms. We would like to evaluate the accuracy of mRNAs to detect the occurrence of FGR.
Two previous studies have explored the cell-free mRNA concentrations in longitudinal measurements in pregnant women who subsequently experienced FGR, 19, 20 but they did not evaluate accuracy of mRNAs to detect occurrence of FGR, and time framing was not covering all trimesters. In the present study, we quantified the mRNA expression levels of Flt-1 in maternal plasma obtained from patients during all trimesters of pregnancy and assessed the possibility of predicting FGR using circulating Flt-1 mRNA level.
Materials and Methods

Patients
This investigation was designed as a longitudinal nested casecontrol study. The study population consisted of 99 women who visited the Department of Obstetrics and Gynecology, Keiai Hospital (Obihiro, Hokkaido, Japan), from 2011 to 2012. Singleton pregnant women without any preexisting medical conditions at screening or antenatal complications at the time of the blood draw were invited to participate in the study. The pregnancies were dated by ultrasound, which was performed during the first trimester. All women provided informed consent to participate in the study, which was approved by the Research Ethics Committee of Showa University and Keiai Hospital. A total of 1610 women were initially enrolled in this study. Among the 1610 women, 13 developed severe FGR without pregnancy-induced hypertension, including preeclampsia. In the affected group, 2 women were excluded, because 1 experienced a stillbirth and the other's blood was not taken at the correct times. The remaining 11 FGR cases were matched with 88 control participants (1:8 match for maternal age and gestational age).
Severe FGR was diagnosed as a birth weight below À2.0 standard deviation (SD) for gestational age based on the Japanese fetal growth curve (http://www.jsum.or.jp/committee/ diagnostic/diagnostic). In all cases, plasma samples were obtained during first trimester (8-14 weeks' gestation), second trimester (22-26 weeks' gestation), and third trimester (32-38 weeks' gestation). Since all cases were diagnosed to have FGR between the second and third trimesters, all blood samples during the first and second trimester were obtained before the diagnosis of FGR.
RNA Extraction and Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction
The processing of blood samples has been described previously. 21 In brief, 7-mL peripheral blood samples were collected in EDTA-containing tubes and centrifuged twice at 1600g for 10 minutes at 4 C. The total RNA was extracted from 1.6 mL of harvested plasma. Plasma was mixed with 4.8 mL of Trizol LS reagent (Invitrogen, Carlsbad, California) and 0.4 mL of chloroform. This mixture was centrifuged at 12 000g for 15 minutes at 4 C, and then the aqueous layer was transferred to a new tube. After 1 volume of 700 mL/L ethanol was added to 1 volume of aqueous layer, the mixture was applied to a QIAamp MinElute Virus column (Qiagen, Hilden, Germany) and processed according to the manufacturer's recommendations. The total RNA was eluted with 20 mL of RNase-free water and directly reverse transcribed with an Omniscript RT kit (Qiagen) in accordance with the manufacturer's instructions. After this, the complementary DNA products were amplified by real-time quantitative polymerase chain reaction (PCR) according to the manufacturer's instructions (Quanti-Tect Probe PCR kit; Qiagen) with a 2-mL aliquot of complementary DNA and the kit components in a reaction volume of 20 mL. The TaqMan PCR analyses for Flt-1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were performed with predeveloped and commercially available primers and probe sets (Cat # Hs01052936_m1 for Flt-1; Cat # 4310844E for GAPDH; Applied Biosystems, Foster City, California). As an initial step, we verified that each PCR assay was specific to mRNA and not to genomic DNA. The amplification data were collected and analyzed with a 7900HT Fast Real Time PCR System (Applied Biosystems). Each sample was analyzed in duplicate, and multiple negative water blanks were included in every analysis. The following thermal profile was used: 15 minutes of denaturation at 95 C, followed by 15 seconds of annealing at 94 C and 1 minute of extension at 60 C. The amounts of mRNA in the samples were expressed in terms of copies per milliliter. We finally used the logarithmic transformation values of Flt-1 divided by those of GAPDH.
Statistical Analysis
Data on Flt-1 were collected during each trimester of pregnancy. Due to missing values for the Flt-1 measurements, imputation procedures for longitudinal data have been used. The missing value at time t (t ¼ 1, 2, 3) was substituted by a value recorded for another patient at time t, for the closest values at time t þ 1 or t þ 2 between the 2 patients. Descriptive data were compared by t tests for continuous variables and by a proportion test for categorical variables. To evaluate the detection rate (DR) associated with each Flt-1 measurement, 3 logistic regressions were fitted using FGR as a dependent variable and the mother's age, parity, and the newborn sex as predictors. The longitudinal data are characterized by the correlations in measurements taken at different time points, and regression models with correlated predictors were subject to multicollinearity problems. To estimate the effects of all the 3 Flt-1 measurements, a principal component analysis (PCA) was performed on the Flt-1 data. The PCA is a method used to transform data that, if correlated, creates new variables (principal components) that account for the total variance, but are uncorrelated. After the analysis was performed, there will be as many components as variables, but not all components are chosen. The determination of how many components should be retained depends on the percentage of their total variance. Using these new uncorrelated data, we fitted 2 logistic regression models.
The first model was based on the first 2 principal components (the first 2 of the 3 total, because we had 3 Flt-1 measurements), the second logistic regression 2 components based on a PCA on first and second trimester and both models included the mother's age, parity, and the newborn's sex. Finally, we calculated predicted probability sensitivity-specificity (receiveroperating characteristic [ROC]) curves for all 5 logistic models. To summarize we have fitted: For each of the model, area under curve (AUC) and ROC curves are obtained. The same statistical analysis has been carried on unimputed data set and can be found in Appendix A.
Results
The descriptive statistical analyses and t test were performed on the original data set without imputation (Table 1 ). An analysis of variance on the Flt-1 measurements showed that the mean Flt-1 values were significantly different (F value ¼ 4.137, P value ¼ .017). Before imputing, we removed the patients with data for only 1 time point, leading to 84 records: 10 affected and 74 unaffected. Of these, we imputed 75 (29.8%) missing values in the 3 measurements of Flt-1. There was a positive correlation between the Flt-1 measurements, which ranged between 0.62 and 0.71 (on unimputed data between 0.55 and 0.58). In Table 1 , maternal characteristics for observational sample are reported. There were not significant differences in maternal height, maternal body weight change, blood pressure at 11 to 12 gestational weeks, and smoking rate between FGR and control groups. There were statistically significant differences in the neonatal weight, placental weight, blood pressure at term, and Flt-1 levels at all trimesters. The Box-and-whisker plot of the distribution of Flt-1 mRNA levels is reported in Figure A1 . In all 3 logistic regression analyses, for each Flt-1 measures, predictors were not statistically significant. Therefore, the mother's age, parity, and the sex of the newborn were no longer considered when further predicted probabilities were computed. The PCA was performed on the 3 measurements, but only 2 components were used in the logistic model, because these components accounted for 90% of the total variance. A second logistic regression model was fitted for the 3 components, which accounted for the total variance. Table A1 reports the estimates for Flt-1 in the 4 logistic models, with odds ratios and confidence intervals of 95% for Flt-1. Figure A2 depicts the ROC curves with the FGR outcome and predicted probabilities from the fitted models with Flt-1 measurements. The DR at a 5% and 10% false-positive rate (FPR), as shown in Table A2 , indicated that the best performance was reached with the third trimester measure, for the single measurement analysis, in terms of AUC, as would be expected.
However, for all trimester measurements, the ROC (in Figure A3 ) yielded an AUC of 83%, and a higher FPR for a 10% DR. At a 5% FPR, all DR were 10%, except for the measurements obtained for all trimesters. The results of the model based on the first 2 principal components were better than the results observed for the single regressions for Flt-1, while when all 3 Flt-1 measurements were evaluated jointly, there was an improvement compared to other model.
Discussion
In the present study, we quantified mRNA expression levels of Flt-1/GAPDH in maternal plasma from patients during all trimesters and assessed the possibility of predicting FGR using these measurements. The RNA expression levels of the FGR group during all 3 trimesters were significantly higher than those of the control group (P < .05). Some prior studies have reported protein level of Flt-1 in each trimester in cases that developed preeclampsia [22] [23] [24] and FGR. These studies suggested that a high-soluble Flt-1 level in second or third trimester 5-9 and a low-soluble Flt-1 level in first trimester 10 followed by a strong subsequent increase 11 are associated with a high risk of FGR, but other studies have shown no association. 12, 13, 24 None of the previous studies suggested that a high-soluble Flt-1 level in the first trimester was associated with a high risk of FGR. 10, 11, 23, 25 We believe that there may be 2 main reasons for the differences between our study and previous ones.
First, FGR pathophysiology is heterogeneous and associated with genetic factors, nutrition, smoking, placental function, chromosomal abnormalities, other mother's complicated diseases, and so on. Therefore, we cannot select FGR specifically due to angiogenic inefficiency. We restricted the diagnosis of severe FGR to infants with a lower than À2.0 SD birth weight. There were not statistical differences in maternal height, maternal nutrition, and smoking rate between FGR and control groups. Blood pressure at term of the FGR group was higher than that of control group. Placental weight of the FGR group was lighter than that of control group. These results might corroborate that we could clarify differences in pathophysiological changes between the FGR and control groups.
Second, we used mRNAs for our study. In a previous study, we reported aberrant expression of some circulating placentalspecific mRNAs (including Flt-1) in maternal blood in preeclampsia cases compared with control participants, and this seemed to be a promising tool for the early detection of the disease. [16] [17] [18] We could detect patients who would develop preeclampsia based on mRNA level earlier than could be detected by protein level. Some other studies suggested that a high level of soluble Flt-1 in second trimester was associated with FGR. [5] [6] [7] Therefore, if altered FGR expression can be detected by examining the mRNA level earlier than by examining the protein level, it might be possible to detect fetal growth and placental issues during the first trimester.
Some previous studies have reported prediction of FGR by uterine artery Doppler velocimetry, with or without an algorithm including demographic and biochemical parameters. 7, 26, 27 The degree of accuracy for FGR prediction in the present study was superior to these studies in terms of DR. Detection rates for FGR tend to increase with progression of gestational age. We assumed that it was likely caused by differences in placental volume between FGR and control pregnancies, with greater differences developing over time. The ROC curve yielded a sensitivity of 60% at a 10% 1 À specificity rate, with an area under the curve of 0.79 for combination of the first trimester with second trimester Flt-1 mRNA values. These results indicate that mRNA in maternal blood can be used to assess pathophysiological alterations that occur in pregnant women who later develop FGR.
In this study, we did not examine any other angiogenesis factors. Some prior studies have found that SGA pregnancies may be characterized by low maternal PlGF 5, 6, 13, 23, 24 and high-soluble endoglin levels. 8, 24, 25 Combining the mRNA expression levels of these angiogenesis-related factors may increase the predictive accuracy. And if we compared with alterations in expression of preeclampsia, that may lead to clarify the difference of FGR with preeclampsia and FGR without preeclampsia. Although it is not yet published, we investigated the prediction rate of the FGR by ultrasound in the first trimester. The combination of mRNA and ultrasound methods may also increase the predictive accuracy. If we can detect FGR occurrence earlier, the patient developing FGR could be cared in an advanced medical center before onset and might reduce the risk of FGR by antioxidant supplementation like the preeclampsia prophylaxis we reported. 28 Of note, there were more missing values for the mRNA method than the protein method. We were able to replace some of the missing data by using an imputation method because we had longitudinal data. There was the opinion of using only unimputed data to analysis. But we considered that the bias of removing the unpicked up data was larger than the bias of imputing the data. However, the presence of missing values would be a disadvantage for practical use.
In conclusion, the current study has demonstrated that Flt-1 expression was increased in cell-free mRNA of pregnant women blood, who later developed FGR, and that this increase was observed even in the first trimester. Furthermore, an analysis of the expression of these transcripts allows for the accurate detection of high-risk pregnant women who are likely to develop FGR, which may allow for intervention to improve the outcome of the pregnancy.
Appendix A
In this section, we have reported all statistical results for unimputed data.
We compared, with an analysis of variance the values of FLT1 over time, and all trimesters are statistically different (P value ¼ .001, F ¼ 4.137). Tukey test (for pairs testing) with P value adjusted, we have found that only first and third trimester are statistically different (P value .01). In Figure A1 , we report boxplot on original data set, for complete e descriptive statistics, please refer to Table 1 . The last model accounts for the 3 measurements jointly after a principal component analysis was performed, while only the first 2 components were kept for the other models, which accounted for 90% of the total variance. Figure A1 . The Box-and-whisker plots of the distribution of fms-like tyrosine kinase 1 (Flt-1) messenger RNA (mRNA) levels in fetal growth restriction (FGR) and control groups. The medians are indicated by a line inside each box, and the 75th and 25th percentiles by the box limits; the upper and lower bars represent the 10th and 90th percentiles, respectively. The detection rates (DR) for fetal growth restriction by the analysis of Flt-1 expression. Figure A2 . The receiver-operating characteristic (ROC) curves for the 3 measurements during pregnancy. Figure A3 . The ROC curve for the predicted outcome from the logistic regression on the joint Flt-1 measurements for all 3 trimesters.
